There is evidence that the timetable of embryonic development in the common marmoset differs from that of the Old World primates and man (Phillips, in press a). The purpose of the present study is to compare the skeletal development of the marmoset foetus and neonate with that recorded for other primates, and to see whether this feature may be used (a) to assess developmental status and (b) to predict the date of parturition. Almost any organ system in the body may be used to assess developmental status, providing that it manifests progressive differentiation, growth and maturation (Wrath all, Bailey & Hebert, 1974) . S'keletal changes possess distinct advantages because they can be easily followed both qualitatively and quantitatively.
Furthermore, the sequence of skeletal changes is similar for all normal individuals of the species, irrespective of body size or whether the changes occur quickly or slowly in terms of chronological age. Meyer & O'Rahilly (1958) described 3 methods which may be used to study prenatal osteogenesis: clearing, with or without subsequent staining, usually with alizarin red S; radiography, with or without silver nitrate impregnation, to give metallic intensification of radiopacity; serial histological sections, with or without histochemical procedures.
Bone formation is detectable slightly earlier with alizarin preparations than with radiography and both are somewhat inferior to histological procedures (Noback, 1954; Meyer & O'Rahilly, 1958 Gardner (1972) defined the onset of ossification as the first appearance of:
intramembranous ossification in the mesenchymal condensation, e.g. frontal, clavicle; intramembranous ossification in the form of an initial osseous deposition around the cartilaginous precursor of a long bone-the periosteal collar;
periosteal bone adjacent to hypertrophied cartilage, e.g. scapula.
Endochondral ossification, i.e. the invasion of the cartilaginous precursor by the osteogenic cells and capillaries of the periosteal collar takes place somewhat later and it is only then that a 'centre of ossification' may be said to be present (Ham, 1969) . Radiography and alizarin preparations do not demonstrate the onset of endochondral ossification, but their first positive reaction correlates closely with the laying down of the periosteal collars. Neither alizarin nor silver nitrate staining is regarded as a specific test for calcium although the mode of action of these substances on the skeleton is not clearly understood (0' Rahilly & Gardner, 1972) . The serial examination of histological sections is laborious and their interpretation far from easy. The alizarin technique is also time-consuming and destroys soft tissues. Radiography is unsatisfactory in early foetal life due to insufficient radiopacity but the ease with which results may be obtained and the lack of soft-tissue damage makes it the method of choice for most routine skeletal examinations. The parameters which are chosen to assess developmental status should be practical with the foetus in utero since maternal tissue may interfere with radiographic contrast. Multiple criteria are more accurate than a single criterion and a narrow age tolerance is required if foetuses are to be accurately aged or a delivery date predicted (Dobbelaar & Arts, 1972) . From a technical point of view it is desirable that the ossification process be followed throughout the growth stages of an individual foetus, but in practice repeated sedation and radiography may compromise the pregnancy or the future reproductive capabilities of the animals concerned. Radiography of foetuses is limited by the fact that orientation of the foetus in utero is difficult and some bones will be obviously foreshortened and must be excluded from quantitative measurements. The shadow of bones are increasingly elongated the further they are removed from the centre of the radiograph and this is another source of inaccuracy. Quantitative studies must also of necessity neglect that proportion of the normal variation of bone growth which is not correlated with gestational age (Hutchinson, 1966) . Despite these disadvantages, skeletal radiography remains one of the most accurate and informative methods of assessing developmental status during the latter part of the foetal period. The technique provides growth indices for one specific tissue rather than a composite measure of several body components. It permits exact measurements which may be repeated and checked at any time. Nissen & Riesen (1949) , in their studies of chimpanzees, listed 5 main indices of skeletal development: changes in size-particularly length and cross-section of individual bones; changes in contour and shape-particularly in the carpals and tarsals; changes in density of bone; time and order of appearance of the various centres, e.g. epiphyses and short bones of the extremities; age of the animal at the time of fusion of various epiphyses and diaphyses. The fusion of the epiphyses to the diaphyses usually occurs during the juvenile period of an animal's life but the remaining 4 indices will be considered in this study of skeletal development in the foetal and neonatal marmoset.
MATERIALS AND METHODS

Animals
In-utero foetuses.
Antero-posterior radiographs were taken of 16 female Callithrix jacchus marmosets during the final 2 months of pregnancy. In one individual 3, and in another, 2 radiographs were taken at various intervals during this period. In all other animals, only 1 radiograph was taken in each case. Marmosets were sedated with CT1341 anaesthetic (phillips & Grist, 1975a) at a dose rate of 6 mg/kg and placed in dorsal recumbancy.
Ex-utero foetuses and neonates.
Skeletal development was studied by means of radiography and alizarin preparations in 30 C. jacchus foetuses obtained from 14 pregnancies at various stages of gestation. With the exception of a set of aborted triplets, all of these specimens were delivered by hysterotomy. In addition, studies were made on 29 preserved neonates with ages ranging from birth to 50 days.
Radiography
A Czechoslovakian Chirana Minident dental x-ray unit was used.
Exposure:
52 kV; 10 rnA; 0'6-0-8 s.
Film:
Kodirex envelope-packed 120 X 165 mm (4! X 6!in).
Distance from film: 30 em.
Development: 5 min in D.l9 developer.
Some of the preserved specimens were immersed in a 0-5 % aqueous solution of silver nitrate for a period of 8 days prior to radiography.
Alizarin technique
Skeletal preparations of foetuses and neonates were made using a modification of Dawson's Alizarin Red S method where 10 drops of the saturated alcoholic stain solution were added to 50 ml I% potassium hydroxide, freshly prepared, and the tissue left in this for 1-4 days or until the bones stained dark red.
Estimation of gestational age
The marmosets used in this study were continuously caged together as monogamous pairs and hence conception dates for the pregnancies were not accurately known.
The length of gestation of marmosets in this colony is approximately 150 days (Phillips & Grist, 1975b) and the gestational age of the in-utero foetuses at the time of radiography was estimated retrospectively, counting the day of parturition as day 150.
In the same way, it was difficult to assess accurately the fertilization age of hysterotomy-derived foetuses resulting from continuolls pairings.
In the majority of cases, however, it was possible to give an age range which was calculated in the following manner.
The maximum age was based on the number of days since a previous birth, hysterotomy or abortion.
The minimum age was based On the use of regular transabdominal palpation of the uterus and ovaries (Phillips & Grist, 1975b) .
Skeletal measurement
Qualitative assessment of the number and degree of development of the centres of ossification in the appendicular skeleton was made on all specimens. Whenever the clarity of the radiograph permitted, quantitative measurements were also made of skull length, skull width, and average length of the diaphyses of the long bones (humerus, ulna, femur and tibia).
Quantitative measurements were made direct from the radiograph using a set of sliding vernier calipers.
Bone shadows that were obviously foreshortened due to poor orientation of the foetus were eliminated from the final results.
RESULTS
In-utero foetuses
Skeletal structures of foetuses in utero could not normally be detected by radiography more than 40 days before parturition (Table 1 ). The uterine outline was visible prior to this but could not accurately be correlated with the number or age of the foetuses.
The outlines of the skull and vertebral column became more distinct with increasing age and quantitative measurements were usually possible on foetuses within 40 days of birth. Measurements of the diaphyses of long bones were normally possible within 20 days ( Fig. I) .
Metacarpals and metatarsals were visible in radiographs of foetuses less than 12 days before birth but the short bones of the wrist and ankle could not be distinguished in any of the animals in this series. 29·0 C 30,0 13-5 *Radiographs taken at intervals in same pregnancy. tRadiographs taken at intervals in same pregnancy. Regression analysis revealed a linear relationship between skull length and the number of days to parturition (Fig. 2) . Insufficient data were available for similar regression analyses to be made of skull width and average longbone length.
In view of the controversy which exists regarding the possible hazards of radiography to the human foetus in utero (MacVicar, 1976) , it is pertinent to consider the outcome of the marmoset pregnancies in this study: 36 offspring were produced and 12 (33·3 %) were stillborn. This compares with a stillbirth rate of 26·8 % for the colony as a whole (Phillips, in press b) . Of the stillbirths in this series , 2 occurred as a result of abnormal development. A member of a set of triplets was delivered as a foetus papyraceous together with 2 fully-developed stillborn siblings. In another pregnancy, uterine rupture occurred shortly before term and a single extra-uterine foetus was delivered surgically. Neither of these anomalies were thought to be directly associated with the radiography, although the possibility cannot be excluded.
EX-UTERO FOETUSES AND NEONATES
The marmoset embryo is thought to become a foetus at approximately 83 days of gestation (Phillips, in press a). Skeletal development could not be detected by the alizarin technique until 95-105 days. A very small amount of alizarin stain was taken up by the skull and central portion of the diaphysis of the humerus at this stage. By 106-115 days (Fig. 3) the clavicle, spine of the scapula and the diaphyses of the humerus, radius, ulna, femur and tibia were clearly visible in alizarin preparation and, to a lesser degree, in radiographs (Table 2 ). An ossification centre in the ilium was detectable and the central portions of the diaphyses of metacarpals II, III and IV and metatarsals II, III and IV were visible. 7 caudal vertebrae were visible (the skull, ribs and remainder of the vertebral column were also stained but will be omitted as staging characters from now on).
By 116-125 days (Fig. 4) , both radiographs and alizarin preparations showed the spine and acromion of the scapula to be present, although the blade remained obscure.
The diaphyses of the humerus, radius and ulna and the central portions of the diaphyses of all metacarpals were well-defined.
No carpal bones were visible at this stage. In the pelvic girdle, only the anterior Radiographs of specimens aged from 126-135 days showed only slight skeletal advancement compared with the preceding age group. The calcaneum was much more prominent and the talus was just becoming visible. No carpal bones were visible.
In the fore-limbs of specimens aged from 136-145 days (Fig. 5 ) the clavicle, scapula and diaphyses of the long bones, metacarpals and phalanges were well developed. No further details could be identified from the radiographs but alizarin preparations showed 5 carpal bones and the distal epiphyses of metacarpals I-IV to be present. The pelvic girdle was well defined, as were the diaphyses of the long bones of the hind limb, the metatarsals and the phalanges. The talus and calcaneum were both fully visible in alizarin preparations but the talus was absent in the radiographs. Parturition in the marmoset normally occurs between 146 and 155 days of gestation and the 15 specimens representing this age group were all full-term neonates less than 24 h post-partum (Table 3) . Skeletal development was only slightly in advance of that of the preceding group. Radiography indicated the development of 1-4 ossification centres in the carpus but individual bones were not identified. The distal epiphysis of the radius was present in 2 specimens. The calcaneum and talus were present in all radiographs of this group. A further 7 specimens in this series were aged 1-3 days postpartum. Radiographs of these animals indicated the development of 3-5 bones in the carpus but an alizarin preparation of one specimen (Fig. 6) indicated the hamate, capitate, trapezium and os centrale to be well developed and the cuneiform, lunate, scaphoid and trapezoid to be present but poorly developed. In all except 2 animals, the distal epiphyses of both the radius and the metacarpals were also present. In the hind limb, the distal epiphysis of the femur and 1 or more cuneiform bones were present in most individuals. An alizarin preparation of a specimen aged 13 days (Fig. 7) post-partum revealed the presence of all the carpal bones except the pisiform. In addition, the epiphyses of the proximal row of phalanges II-IV were present. In the hind limb, the ecto-, meso-, and ento-cuneiform bones were well developed and the cuboid and navicular were just visible. The distal epiphysis of the femur, the distal and proximal epiphyses of the tibia and the distal epiphyses of metatarsals I-III were also present.
-.
3 specimens with a post-partum age of 27-32 days were examined. All carpal bones were present and so also were the proximal and distal epiphyses of the humerus and the epiphyses to the proximal and middle rows of phalanges. A proximal epiphysis to metacarpal I was present in the 32 day specimen (Fig. 8 ). All the tarsal bones were present in the hind limb although the cuboid and navicular were poorly developed in the 29 day specimen. The distal epiphyses to all metatarsals were present but the proximal epiphysis to metatarsal I was present only in the 32 day specimen.
The age group 41-50 days was represented by 3 animals. The proximal epiphysis of the radius and the epiphyses to the distal row of phalanges were present in all specimens (Fig. 9) . The distal epiphysis of the ulna was present only in the 43 day and 50 day specimens.
The appendicular skeleton of the hind limb showed little advance compared with the preceding group, with the exception of the appearance of the distal epiphysis of the fibula in the 50 day animal. Fig. 9 . Drawing of alizarin preparation of marmoset neonate 41 days post partum. Line represents .10 mm.
DISCUSSION
Skeletal radiography has been used to assess developmental status in a number of primate species, including man (Hill, 1939; Menees & Holly, 1932; Flecker, 1942; Pyle & Sonntag, 1943; Noback & Robertson, 1951; Noback, 1954) , chimpanzee (Nissen & Riesen, 1949) , rhesus monkey (Van Wagenen & a Fore-limb, b. Hind-limb. Asling, 1964; Hutchinson, 1966; Dobbelaar & Arts, 1972) cynomolgus monkey (Mahoney, 1975) and the squirrel monkey (McKim, Hutchinson & Gavan, 1972) . Schultz (1956) described isolated foetuses of a variety of primate species and compared them to the situation observed in man. Similar skeletal studies have also been performed on the dog (Hare, 1961) and the pig (Wrathall et al., 1974) .
The earliest age at which skeletal development could be detected radiographically in the marmoset was 106-115 days in fixed specimens and approximately III days in utero. This is considerably later than the rhesus monkey in which bones were first seen at 56-60 days (Van Wagenen & Asling, 1964) .
The stage of ossification at birth varies within limits to a considerable degree in all primate species, but Schultz (1956) concluded that skeletal maturation at birth is more advanced in the macaque and guenon monkeys than it is in the proboscis, howler and capuchin, and more advanced in these 3 than it is in the great apes and man. Conparison of the skeleton of the newborn marmoset, particularly the carpus, suggests that the degree of development of this species at birth is more akin to that of the great apes and man than to the macaque and other Old World primates. However, even allowing for these differences, it would appear that the marmoset has a much shorter foetal period than the macaque and achieves the greater percentage of its growth during the 2nd half of gestation. This trend towards late maturation during gestation has been noted in another New World primate, the squirrel monkey (McKim et al., 1972) and is consistent with the relatively prolonged embryonic period observed in the marmoset (Phillips, in press a).
The fact that quantitative measurements can only be made on in-utero foetuses during the final 30-40 days of gestation makes radiography of limited value in predicting the date of parturition in this species. Virtually the same information may be obtained by abdominal palpation (Phillips & Grist, 1975b) and the latter technique occasions less trauma to the animals. Skeletal radiography or alizarin preparations are, however, of value in assessing the developmental status of ex-utero foetuses or neonates of unknown age. Bar graphs have been drawn to summarise the times of appearance of the skeletal structures of the appendicular skeleton (Figs lOa, b ).
This analysis of skeletal development supports the view that whilst the sequence of embryonic and foetal changes in the marmoset is similar to that of other primates, the timetable of these events is considerably different from Old World primates such as the macaque. Equally it is clear that the similarity of skeletal maturation of the marmoset and man at birth does not lead to the conclusion that osteogenesis in these 2 species follows a similar timetable of development. Further studies of prenatal development in other New World primates will be needed before the significance of these species differences may be assessed.
